ABSTRACT. The premise of this research is to better understand how approaches to implementing rainwater management practices can be informed by understanding how the people living and working in agroecosystems are connected to one another. Because these connections are via both social interactions and functional characteristics of the landscape, a social-ecological network emerges. Using social-ecological network theory, we ask how understanding the structure of interactions can lead to improved rainwater management interventions. Using a case study situated within a small sub-basin in the Fogera area of the Blue Nile Basin of Ethiopia, we build networks of smallholders based both on the biophysical and social-institutional landscapes present in the study site, with the smallholders themselves as the common element between the networks. In turn we explore how structures present in the networks may serve to guide decision making regarding both where and with whom rainwater management interventions could be developed. This research thus illustrates an approach for constructing a social-ecological network and demonstrates how the structures of the network yield insights for tailoring the implementation of rainwater management practices to the social and ecological setting.
INTRODUCTION
Our aim in this paper is to assess the usefulness of socialecological network approaches (Janssen et al. 2006 ) as a means for understanding and improving the manner in which rainwater management interventions are designed and implemented in agroecosystems. In agroecosystems, water is not simply a resource supporting food production, it also serves a fundamental role in connecting both places and people (Ripl 2003) . Water management must thus be examined from solely a physical perspective (Nyssen et al. 2004 ), but also from a combined social and ecological perspective (Rathwell and Peterson 2012) . We are accustomed to this perspective in surface water management, for example in considering irrigation, but it is equally true in rain-fed agroecosystems where multiple actors manage rainwater for different purposes over different scales in space and time.
Recognizing that social and ecological systems cannot be treated independently in management and policy contexts (Folke et al. 2002) , efforts to understand and engage stakeholders in such systems must take both the physical and human environments into consideration.
The context of this work is in Ethiopia, where rain-fed agriculture predominates and rainwater management poses a particular social-ecological coordination challenge. Rainwater is managed by smallholders at the plot or farm scale through rainwater management practices (RMPs). RMPs are combinations of agricultural practices that aim to increase water productivity or availability and can include soil and water conservation, reafforestation, or river diversion. The intention of these practices is to improve water availability or quality at watershed levels. In some instances, however, the positive impacts of RMPs may not directly benefit the smallholder who has implemented the practice. Whether or not any specific individual benefits from RMPs is dependent on both their own social-ecological context and the similar context of others in the watershed. First, the impact might be significant only if neighboring smallholders also implement the practice, which is the case for most soil and water conservation practices such as terraces and soil bunds that slow the movement of water and thus reduce erosion when sufficient area is adequately treated. Second, beneficial impacts might accrue to others downstream, such as reduced sedimentation through afforestation efforts. The lack of direct benefits, the difficulties in coordinating activities among neighbors, and the challenges associated with implementing benefit sharing mechanisms linking upstream and downstream smallholders explain, to a large extent, the low up-take of RMPs in Ethiopia and elsewhere.
To design interventions in such systems, it is important to understand not only how people are connected through water and land but also socially. The uneven distribution of benefits from RMPs and even the potential for disincentives in some cases, e.g., reduction in productive area, requires understanding of both ecological and social dynamics within the system. As such, knowing where to begin an intervention process is often one of the most challenging tasks, with approaches needed to facilitate understanding of both the physical and social structures present in the system and how those structures might be related to system resilience. Resilience of such systems to perturbations, such as that associated with climate variation, and the ability of the system to reorganize and recover (Abel et al. 2006 ) is heavily dependent on spatial variation, flows, and connectivity within the system. Cumming (2011:54) points out that network analytic approaches are useful for understanding structures associated with spatial resilience and that such approaches, "can identify nodes that are particularly important for overall network connectivity; they may not be the largest or most resource-rich nodes, and hence might be easy to overlook without a more formal analysis." Both the ecological and social aspects of the networks are important because measures of connectedness can serve as an indicator both of ecological function (Urban and Keitt 2001) and as the potential of a community ability to manage common property resources (Abel et al. 2006 ).
Considering the above, network approaches offer promise in rainwater management scenarios, specifically for identifying nodes that may serve as indicators or entry points for improved understanding and management of common property resources. Specifically, in a social-ecological systems context, humanenvironment systems have been described in terms of socialecological networks (Janssen et al. 2006) . In a synthesis reviewing several examples of social-ecological systems, Janssen et al. (2006) offer a formalization of social-ecological networks and describe three archetypes for such networks:
1. Ecosystem networks connected by people via information or material flow, 2. Ecosystem networks disconnected or fragmented by anthropogenic change,
3.
Ecosystem networks that connect people.
As formalized above, social-ecological networks simultaneously capture the relationship of people to their environment and the role of the environment in relating people to one another. The value of the network representation arises from the intrinsic ability of the network to capture structures present within the system representation . Variations of these approaches have been applied in applications more strictly oriented around landscape and connectivity (Estrada and Bodin 2008) , as well as applications more specifically emphasizing the roles and relationships of individuals and institutions Crona 2009, Prell et al. 2009 ). Recognizing that social networks are nearly invisible in many landscape analyses, Beilin et al. (2013) demonstrated the qualitative efficacy in using social network analysis for making the social aspects of landscape. Arguably a subset of a more general social-ecological systems frameworks (Binder et al. 2013) , social-ecological networks offer one approach for understanding both where and how the structure of system may potentiate or inhibit positive change.
In the rainwater management context, successful implementation of RMPs requires consideration and coordination across a complex set of up-stream/down-stream benefit transfers and dispersed activities to realize return on investment. Given that structures within the social-ecological network may potentiate or inhibit change , it follows that social-ecological networks at the local level might be useful in identifying entry points into the system that may have the potential to reinforce centrifugal forces, aspects that help keep a system together, and minimize centripetal forces tending to pull the system apart (Cumming 2011) , thus having a positive impact on coordinating individual decision makers to adopt specific practices to increase overall watershed resilience. In the case of water management, there is a strong scale component because effective water management at larger spatial scales requires collective management action at the microscale levels (Ryan et al. 2010) .
As with any type of network analysis, the combination of the underlying representation and choice of analytic approach ultimately drives results, and interpretation must be framed accordingly. Analyzing the structures present in social-ecological networks (SENs) uses many of the same approaches common to social network analysis more generally. In contrast to social networks, however, SENs are inherently mixed modality. In SENs, nodes may be individuals with connecting edges determined by the environment or, alternatively, nodes may represent locations in space and the people moving between those spaces may be the connecting edges. The meaning of the structures present in SENs is thus different as well, for in social networks individuals are the primary determinant of the network topology and, ultimately, the basis for resilience of the network to perturbation (Ehrhardt et al. 2007 ). In contrast, SENs are necessarily spatially embedded and thus subject to the additional effects of space on their structural characteristics and corresponding response to perturbation (Wong et al. 2006) . With all three of the Janssen et al. (2006) archetypes explicitly building on ecosystem and social characteristics, a simultaneous view of both the social and the ecological aspects of connectivity is required.
The wide range of potential representations for social-ecological networks coupled with the fact that even an individual network may be represented in multiple ways makes it difficult to determine optimal approaches when conducting a new study. In an assessment of several case studies involving participatory processes and stakeholder interactions, Reed et al. (2009) showed that different objectives necessarily require different types of engagement and data. More specifically in relation to SENs, typical examples tend to be based on relatively large scale ecosystems and institutional interactions (Janssen et al. 2006 , Rathwell and Peterson 2012 , Beilin et al. 2013 ). Understanding small-scale variation is also important, for although small-scale systems may be able to suppress some consequences of local variation by integrating over space and time, the necessary social and ecological infrastructure to accomplish this integration may actually increase vulnerabilities to processes operating at other scales (Levin and Clark 2010) . With this in mind, this study is explicitly designed from the ground up around the idea of SENs, and aims to test their utility at a local and individually oriented level in an attempt to address the following questions:
. Are SENs a practical tool for bottom-up understanding the spatial resilience of social-ecological systems at the individual level and highly local scale?
. Can understanding of such SENs contribute to a better understanding on how to focus interventions in a watershed to promote improved rainwater management?
The challenges with understanding social-ecological networks at a local level arise from the sample frames and granularity required to achieve a sufficient representation of the nature and interconnections present in the system in question. Within this framework, we evaluate a specific agroecosystem in a small watershed in Ethiopia to assess the bottom-up potential of SENs in programing rainwater management interventions. We offer one approach for developing and characterizing social-ecological networks as a basis for using spatial resilience concepts to promote improved rainwater management.
STUDY SITE AND METHODS
The emphasis of this study is on evaluating whether socialecological networks can be used to identify entry points into agroecosystems that have the potential to enable or enhance the effectiveness of interventions associated with the implementation of rainwater management practices. In determining whether there either exists or is the potential for centrifugal and centripetal forces, this work offers perspective into the function of both the Ecology and Society 20(4): 13 http://www.ecologyandsociety.org/vol20/iss4/art13/ ecological and social aspects of the study site. For this reason, data collection and analytic methods are structured around understanding a number of social variables, a number of environmental variables, and the manner in which they are nested with one another.
Study site characteristics
A legacy of land-use practices is widely acknowledged to have had a significant influence on current environmental conditions (Elmore et al. 2006) . In Ethiopia, it is often argued that the nationalized land tenure models that arose during the imperial regime of Haile Selassie and the socialist Derg regime that followed have had serious negative consequences on environmental conditions and, ultimately, failed because of lack of consideration of local social and environmental contexts (Molle 2007) . The failures in land management have contributed to a great deal of land degradation, soil loss, and water management issues (Merrey and Gebreselassi 2011) . The issue of water management is particularly pressing because the majority of Ethiopian agriculture is rain-fed, excessive runoff leads to soil loss, and, furthermore, a substantial portion of the country (approximately 200,000 km²) belongs to the Blue Nile basin (Merrey and Gebreselassi 2011) , which is of great international import. The International Water Management Institute (IWMI), a key contributor to research and capacity building in the Blue Nile basin, has established several research sites in sub-basins within the region.
The site for this study is a small sub-basin of one of the watersheds in which IWMI has a research presence. The basin is located in the Fogera woreda (a woreda is a third-level administrative district political boundary). Estimated population of the entire IWMI research watershed is 1239 people, with an estimate of 379 people in the sub-basin specific to this study (Linard et al. 2012) . Approximately 600 km from the Ethiopian capital city of Addis Ababa and just south of the well-known intentional community of Awra Amba, the study site is accessible only through a combination of vehicular and foot travel. There are no roads in the study area, and travel on foot is via an extensive network of paths that link smallholder dwellings and farming plots. Many of the paths ultimately lead to the adjacent and downstream Awra Amba community and, in turn, to a paved road running east-west between the towns of Wereta and Debre Tabor. In several places, these paths are bisected and heavily eroded by the two main streams in the study area. The paths are not suitable for wheeled devices and human and animal labor is used to transport goods into and out of the area. Smallholders do not use mechanized equipment, but many use oxen for plowing. Labor, including plowing, planting, fertilizing, and harvesting is performed by hand. Areas that are not actively farmed or grazed tend to be covered in herbaceous or woody vegetation.
There are several crop types common to the area, including teff (Eragrostis tef), millet (Eleusine coracana), peanut (Arachis hypogaea), maize (Zea mays), potato (Solanum tuberosu), and eucalyptus (Eucalyptus spp.). The soils are generally sandy clay with limited organic matter present. Much of the area has terracing of various sorts and many of the terraces were reported to have been in place since the Derg regime. Five common grazing areas were identified, each used by both local and itinerant grazers.
Data collection
Given the integrated nature of a social-ecological network, both social and ecological data are required to adequately characterize the study site. Two sets of field data were collected simultaneously, including survey data to understand the social situation and spatial data to characterize the landscape and ecological situation. The data collection process was conducted over the course of several visits to the study side during a six-week period in July and August of 2011. Access to the study site required initial conversations with the Head of the Fogera woreda Office of Agriculture and Rural Development and local kebele (the smallest administrative area) officials.
The survey data collection process and resultant analytic approach needed to account for the time of year. The data collection occurred during kremt (the rainy season) and, consequently, data collection needed to be designed around the availability of smallholder farmers. During kremt, many of the smallholders and community members are in the field either preparing fields, planting, or weeding depending on their position in the watershed and specific crops. The survey developed for this effort was designed for short interactions to minimize community interference and time away from important agricultural priorities. The survey captured data in two key categories. The first set of questions (see Appendix 1) were related to social capital with a number of questions derived from vetted World Bank work in social capital assessment (Grootaert and Bastelaer 2002) . The second set of questions was designed to provide a preliminary evaluation regarding the types of social interactions prevalent in the watershed (see Appendix 2). Combined teams of students from Ethiopia and the United States conducted surveys during each of the field campaigns.
To support alignment of the social and ecological components of the system, plot data associated with individual fields were collected during each of the individual interviews (Fig. 1) . Where possible, the boundary of each surveyed plot was walked and mapped via GPS. In a small number of cases, a point just inside a plot was recorded and the plot was later mapped using Google Earth. In total, 215 plots were mapped using GPS in the field or via recent imagery.
Although not the focus of the present study, the mapping effort also included a "rapid ecological assessment" (REA) and was Ecology and Society 20(4): 13 http://www.ecologyandsociety.org/vol20/iss4/art13/ divided into two parts: an assessment of vegetation status and an assessment of each plot's physical characteristics. For the vegetation status, a simple presence/absence description was used. The recorded variables included trees, vegetation strips (typically noncrop vegetation growing in a linear fashion along plot boundaries), plant litter, and grass. An estimate of noncrop to crop ratio was recorded, as was the type of crop. For the physical variables, the presence and absence of bunds, terraces, contour ploughing, standing water, and drainage ditches was recorded. In addition, simple soil characteristics were recorded (clay, sand, or loam) as well as an estimate of density of surface rocks per square meter. Each of the variables in the REA was quantified by sight and information regarding crop types and agriculture management practices came from the farmers themselves.
Social-ecological network creation
As previously mentioned, this study was designed to evaluate whether SENs have bottom-up utility for understanding highly local aspects of social-ecological systems. Given the position of the study site in the Blue Nile basin and the role of rainwater management in supporting spatial resilience both locally and basin-wide, our focus is on understanding SENs in a water management context. Janssen et al. (2006) suggest there is no "right" way to represent the SEN of a given system, just "useful and not so useful" ways. The impetus of the approach presented here hinges on the idea that there is a gap between policy recommendations at a regional level, e.g., Blue Nile basin, and its implementation at a local level. The central premise then, is that it may be possible to conceptualize policy goals in terms that foster spatially appropriate types of self-organization, increasing resilience, and reducing vulnerability to regional scale variation in market and environmental conditions (Cumming and Collier 2005) .
Integral to this effort is the motive to increase understanding of what types of social-ecological networks are relevant in what contexts. As mentioned, the three SEN archetypes include, (1) ecosystem networks connected by people via information or material flow, (2) ecosystem networks disconnected or fragmented by anthropogenic change, and (3) ecosystem networks that connect people (Janssen et al. 2006) . The methods presented here are aimed at developing Archetype 3 networks, or ecosystem networks that connect people, with specific relevance to the aforementioned rainwater management context.
Underlying the developed approach is that the hydrological system essentially connects individuals (Ripl 2003) , willingly or not, and knowingly or not. Depending on position in the landscape, individuals are necessarily connected to others and the actions of upstream individuals may affect those downstream. These effects may either be immediate, or may accumulate over time. This is, of course, nothing new from a conceptual perspective, but this idea offers a potentially useful framework for understanding biophysical connectivity between individuals at a landscape scale.
To connect individuals in their biophysical context, the first step is to create a weighted network of plots based on a hydrological flow accumulation model. Flow accumulation is an analysis based on a digital elevation model (DEM) that maps theoretical downhill flow and concentration of water within a basin (Quinn et al. 1991) . Using the centroid of each of the digitized plots as a starting point, it is then possible to compute the flow path through the watershed DEM of all water originating at that point and ending at an arbitrary "pour point" (equivalent to the sub-basin outlet) just below the study area. This path represents the notional path that water, sediment, and potential contaminants would flow downhill and downstream from any given plot. Note that, given the resolution of the underlying DEM, this process does not account for barriers such and bunds, terraces, ditches and other diversions. Nevertheless, at the scale of the present study, the approach does characterize the potential for upstreamdownstream biophysical interactions tied to the movement of water and does lay the groundwork for higher resolution analyses. Figure 2 illustrates the method using a set of eight hypothetical plots and their alphanumeric IDs (where the number represents the individual owner and the letter enumerates multiple plots), demonstrating how downstream flows directionally connect plots higher in the watershed to plots lower in the watershed. The computed flow path intersects all plots downstream relative to the location to the focal plot. Using this flow path, each of the other digitized plots in the study area is queried using a spatial intersection operation. This query determines which plots are connected to the focal plot by way of the runoff path and the process is repeated for every plot. The topography of the landscape in combination with the location of each plot thus results in a directed network topology indicating plot-plot interactions. The result is a network of individual plot relationships to one another (Fig. 3a) . From this network, plot-http://www.ecologyandsociety.org/vol20/iss4/art13/ to-plot connectivity over the study area as a whole can be easily analyzed. In that each plot is also associated with a specific individual smallholder, it is also possible to determine who is connected to whom via the upstream-downstream interaction. By connecting individuals to one another as a function of the plots that they manage, the resultant network expresses the Archetype 3 network wherein the ecosystem connects the individuals using the landscape to support their livelihoods (Fig. 3b) . To support better understanding of the social context of the biophysical network, collected data also support construction of a network characterizing social-institutional interactions. This network, based on the survey data, characterizes the association of each individual with bonding networks (links with external actors such as extension agents) and bridging networks that link individual smallholders with actors internal to the study site such as peers and local associations or cooperatives (Newman and Dale 2005) . The resultant combination of network structures (plot, individual, and bonding and bridging) allows for a range of analytic techniques that can be used to help interpret the socialecological interactions using a variety of metrics.
Analyzing the networks
Once the networks are constructed, a variety of network analytic approaches become possible. The recognition that different network characteristics have the potential to influence of the structure of networks generally (Newman 2003 ) is well known and that these structures have specific influences on the socialecological function of a system is also generally well accepted (Newman and Dale 2005 , Janssen et al. 2006 .
Because the networks presented here are spatially embedded, the structures of the individual-and plot-based networks are subject to influence by both the characteristics of the space they occupy and spatial autocorrelation (Boccaletti et al. 2006 ).
Measures of modularity and attendant community structure in the presented networks offers information regarding subcomponents of network as a function of their reliance on particular edges to connect them to the remainder of the network (Girvan and Newman 2002) . In the context of the study area subbasin, communities of plots arise as a function of the hydrological characteristics of the landscape. Also, since modularity is based on the relationship of intra-and inter-connectivity within and across groups, the modularity and community measures allow for the identification of the critical edges within the network. This decision is consistent with the recent work of Beilin et al. (2013) , where modularity approaches were chosen to examine community based natural resource management across multiple scales. Beilin et al. (2013) base their selection of modularity as a key metric on the idea that, within NRM contexts, there exist subgroups that have the ability to function semiautonomously and in a manner at least partially independent of their broader contexts.
Another important network concept that has a direct relationship with spatial embedding is the notion of centrality. Centrality is a structural attribute of the network that serves to characterize the role of any given node or edge in enabling overall connectivity of the networked system (Newman 2003) . In examining centrality in a social-ecological context, however, centrality may serve to indicate several potential characteristics ranging from high levels of coordination to highly centralized management . In an ecologically-based system, however, high centrality may take on yet additional meaning ranging from indicators regarding the movement of organisms (Estrada and Bodin 2008) to nodes and edges that are essentially serving as the "backbone" of the ecological system (Urban et al. 2009 ).
RESULTS
The social-ecological systems perspective that girds this effort implies an integral coupling between ecosystems and the people that inhabit those systems. Importantly, people serve multiple roles in a social-ecological systems context. The overall function of the landscape is thus at the intersection of the ecological characteristics of the landscape itself and the collective, yet individual roles of the people residing in that landscape. In agroecosystems it is thus impossible to separate the landscape from its inhabitants or, equivalently, the social system from the ecological system.
SENs for identifying "hot spots"
An important aspect of understanding spatial resilience is related to how the centripetal and centrifugal forces affecting resilience (Cumming 2011 ) are distributed across the landscape. In the Fogera study site a number of important insights can be interpreted from the SENs that would be difficult to gain from other approaches.
To facilitate interpretation of the resultant SENs, the plot networks (Fig. 4) are drawn using standard network layout algorithms. Per the methods section, in both figures the nodes are colored for community membership based on modularity (Blondel et al. 2008 ) and scaled in size for eigenvector centrality Ecology and Society 20(4): 13 http://www.ecologyandsociety.org/vol20/iss4/art13/ (Borgatti et al. 2009 ). In Figure 4 , the complexity of the interrelationships of the individual plots across the study site is clearly evident. The number of connections associated with each plot (each node) illustrates the complex and interconnectedness of the site and, consequently, the potential for feedbacks associated with decisions at the plot level. The communities (colors) shown in Figure 4 indicate groups of plots effectively serving as "modules" in ecological sense. As mentioned, modules can be thought of in terms of an interrelated group of plots function in a semiautonomous manner. In Figure 5a , a map of the communities illustrates that, indeed, the communities tend to be either spatially proximal or distributed along key watershed features, e.g., the riparian area. In examining Figure 5b , it is also evident that each of the communities tends to have at least one or two more central plots. These plots are similarly evidenced in Figure 4 as the larger circles and it can be easily interpreted from the network that these locations are serving as important ecological "hubs" within the study area. It is worth noting, however, that several of the more central plots (in network space) are located toward the periphery of the watershed. This finding illustrates that high centrality plots are not necessarily found in the center of the watershed and, being close to the boundary of the watershed, these plots, and the individuals using them, may be more subject to either boundary effects or the consequences of larger scale processes. Also, in contrast to social networks and a number of different technical networks, the plot-plot networks derived based on the above method lack clear redundancy of linkages associated with many resilient systems (Walker and Salt 2012) . The highly central plots are connected to heavily used edges, i.e., significant hydrological reaches, and, if these edges are disrupted, e.g., through sedimentation, gully erosion, etc., then there exists a likelihood for immediate consequences on the connected nodes. Understanding ecological hubs within the study area is only part of the picture. Whereas the network of plots shown in Figure 4 has the potential to illustrate intervention "hot spots," reconfiguring the network to examine smallholder connections based on plot locations provides additional insight. Because an individual smallholder manages each plot and smallholders may manage plots distributed throughout the watershed, smallholders have the potential to influence one another in a manner that would not necessarily be evidenced by plot level interactions. Figure 6 illustrates this network. Now, rather than a network of plots, the social-ecological network of smallholders emerges. Ecology and Society 20(4): 13 http://www.ecologyandsociety.org/vol20/iss4/art13/ From the network of smallholders it is again possible to compute community structure and centrality. Because community is based on the structure of connectivity and many of the smallholders work multiple plots in various positions in the landscape, this is a significantly richer description of individuals' interactions with one another and human-environment interaction than characterizing upstream/downstream relationships solely in a hydrological context. The importance of location becomes immediately apparent because the two most central individuals (B6 and FB2) are very different relative to their holdings and the land that they manage. The smallholder labeled as B6 is the smallholder in this study managing the largest amount of land with a total of ~5.20 ha of which just over 4 hectares is limited to grazing. In contrast, FB2 maintains 0.70 ha of which 0.050 ha is limited to grazing.
The relevance of the SEN representation is clear, in that even managing a relatively small amount of land spread throughout a number of critical locations has the potential to expose the smallholder to significant levels of influence from upstream individuals. Likewise, much of the at-risk land managed by B6 is dedicated to grazing and, consequently, risk to subsistence and cash crop production is largely mitigated. In contrast, FB2 has much less land and greater per unit area reliance on that land for crop production.
The communities of smallholders shown in Figure 6 are also interesting in that they have the potential to identify individuals who are ecologically connected, e.g., subject to feedbacks from one another, as a function of their collective plot locations. In that these communities have a shared set of ecological connections, the ability to affect positive ecological change is potentially higher if the smallholders within each community worked toward collective management goals. One of the mechanisms through which this could occur is through interventions that use social connections to create ecological synergies among the users of the landscape. One example of this could be via the use of development teams, a form of a bridging network that serves to both link community members to one another as well as to the inputs of those with relevant expertise from outside the area. This is consistent with the idea presented by Ling and Dale (2011) , that important edges could be purposefully created and maintained to promote specific development outcomes.
Bridging and bonding networks
The presence of social networks and corresponding social capital on the landscape is often invisible in natural resource management contexts (Beilin et al. 2013) . Social networks among individuals clearly serve a variety of purposes from friendship to mediating the flow of information. Newman and Dale (2005) suggest that social networks that foster the greatest resilience comprised both "bonding" links, i.e., links resulting in strong internal cohesion, as well as strong "bridging" links, i.e., links supporting connections to a diverse web of resources.
To further assess the social aspects of the study area, the survey instrument addressed social capital and social networks. Smallholders were queried regarding general well-being, quality of harvest, access to technical support, community issues, membership in community groups and general interactions with others in the study area. Overall, the majority of respondents reported increases in basic economic well-being and quality of life (Fig. 7) . There are no clear spatially explicit patterns in terms of responses regarding adverse change. However, individuals tending to report decreases in any area were likely to report either decreases or no change in other categories. Fig. 7 . Change in economic well-being and quality of life over the previous three years.
In keeping with the social-ecological context of the networks developed in the previous section, however, it is important to recall that all management decisions that modify the agroecosystem in a localized, i.e., plot-level, manner have the potential to contribute to a collective, regional modification in system function. Though smallholder management decisions are typically made in the selfinterest of the individual involved, these decisions are often made given information from resources or individuals both within and external to the study site. The relationships to influential individuals and, more specifically, the types of relationships in which each smallholder is engaged is yet another indicator of the structures of social-ecological networks within the study site.
In contrast to the networks illustrated in Figures 4 and 6 , wherein nodes were all of the same type (plots or farmers), here, the network is constructed as a tripartite network. A tripartite network has three node types. Figure 8 illustrates the tripartite network, with the three node types representing "bridging" entities (top row), "bonding" entities (bottom row), as well as the smallholders (center row).
Based on the survey, bridging entities were divided into three primary categories. These included resources for external technical assistance, participation in the aforementioned development teams (e.g., organized groups of five households affiliating with a "model farmer" selected by external agricultural development agents), and cooperatives (e.g., to source seed and fertilizer at reduced rates). Overall smallholders in the study site appear to have reasonable access to bridging activities, with only four individuals reporting no bridging activities at all. External technical assistance is the most widespread bridging activity with 76% of the study participants reporting as having received technical assistance from agricultural experts, development agents, or other government entities. Although not all types of bridging activities are equally wide spread, or seen as equally http://www.ecologyandsociety.org/vol20/iss4/art13/ valuable, smallholders reporting improvements in harvest rates over the last three years have a statistically significant higher level of association with bridging networks (Mann-Whitney U @ 95% confidence).
Regardless of change in any of the basic quality of life indicators (Fig. 7) , there was no significant difference in participation in bonding networks among the smallholders. The primary categories of bonding entities include debow (barter in Amharic but specifically meaning exchange of day labor in this context), iddr (culturally important funeral societies), and community led efforts. The use of debow is nearly universal among study participants. Only three of the 55 (5.4%) surveyed individuals did not report participating in debow. Likewise, the majority of smallholders (71.0%) report participation in the socially and culturally important iddrs. Finally, roughly two-thirds of the smallholders participate in community led efforts including activities such as terracing, afforestation, education, and community security.
It is worth noting that both bonding and bridging networks have the possibility to positively affect overall resilience of the area. New ideas and approaches to agricultural management are likely to enter the study area through bridging networks. Likewise, community challenges are more likely to be communicated to external agencies. Similarly, if specific management practices are successful or community led projects are resulting in systematic improvements to the local environment, such information will travel quickly because of the strong extant bonding networks. Network approaches are again useful in terms of illustrating the interactions between individuals and the collective set of actors that may have the potential to influence spatial resilience at the local scale.
DISCUSSION
One motivation of this work is that in many instances, failure of large efforts can be traced back to lack of understanding of localscale contexts (Hoben 1995) . At the same time, local activities have the potential to have significant regional influence and it is at these regional levels that many management decisions are made and corresponding policy strategies developed (Arsano and Tamrat 2005) . The dependence on a common resource, yet the acute differences in power associated with actors operating at different scales is a common theme in hydrology-based socialecological systems (Molle 2007) . At the same time, especially in rain-fed systems, the types of interventions required may not necessarily be prudent investments at the farm scale or for the individual farmer (Nyssen et al. 2004 ). The SEN-based approach for characterizing hydrology-based social-ecological systems illustrates how understanding of the local situation can be useful for both identifying hot spot priorities within a watershed and, http://www.ecologyandsociety.org/vol20/iss4/art13/ especially, key or strongly linked individuals and groups for targeting meso-scale interventions. If members of these groups are strongly tied to both bonding and bridging networks and have relevant biophysical contexts, the likelihood of success for an appropriate rainwater management practice will increase.
As a community, the study area exhibits relatively high levels of success with its agriculture and community-led initiatives and the presence of what appears to be relatively high levels of social capital. Understanding resilience of the area, however, is predicated on understanding its broader scale embedding in terms of both ecological and social contexts (Deconchat et al. 2007 , Ostrom 2009 ). The bridging networks clearly illustrate one example of larger social embedding. Necessarily, as a sub-basin within a larger watershed, the ecological embedding is clear. The bridging networks and biophysical hierarchy are only two examples of the wide range of embeddings that have the potential to affect perspectives, and thus coordination, of stakeholders in regard to the implementation of rainwater management practices.
A number of the primary challenges raised by the community members in Fogera are reflective of the broader spatial embeddings of the study area and though not directly related to rainwater management add to the understanding of what is required to create successful interventions in the area. The coops discussed in the bridging section, for example, have attempted to enhance access to fertilizer. This was consistently identified as a high priority among the smallholders yet most also indicated efforts in this area were not successful. Regardless of the reason for the lack of reported success in this area, the inability to procure fertilizer is indicative of cross-scale challenges associated with the social, economic, and political settings (Ostrom 2009 ) of the Fogera site. A second challenge highlighted as a critical concern by community members was deforestation by individuals from outside of the community. This deforestation is an example of Archetype 2, or ecosystem networks that are disrupted by anthropogenic change. This is a particularly challenging issue because the actions of community outsiders are not only disrupting ecosystem services within the community, but fall outside of the bridging and bonding networks illustrated in Figure  8 . A final example of cross-scale linkages has to do with accessibility to regional markets. Though a portion of cropping activity is subsistence-oriented, it is also necessary to grow cash crops. The market for cash crops is tied to regional and national levels. Good connectivity to markets and strong markets are thus essential for the local success of the region.
CONCLUSION
In principle, the idea of using SENs at the local level is very attractive because of the fidelity of the representation and the level of information gain (Nyerges et al. 2013) . That said, the method employed here was very labor intensive and required a great deal of time in the field. More significant, however, were sizeable contributions of time by community members. It is worth noting that the plot-plot network depicted in Figure 4 could be done through more automated methods, e.g., via remote sensing, but this would omit the direct linkages with the corresponding social information. An area for future research would be to understand how a preliminary plot-plot network might be used to devise a sampling scheme to develop a representative socialecological network much more quickly and at a much larger scale. Addressing the temporal aspect of each of the three SEN archetypes would also be useful. For example, while the model used here is essentially static in terms of which plots are connected to which other plots, the strength of those connections may vary as a function of time, e.g., rainfall amounts.
Again, the study presented here was intentionally designed to employ social-ecological network methods as detailed by Janssen et al. (2006) . In contrast to much of the related research, this study was designed around networks built at a very local and individualspecific level. If anything, this research bolsters the idea that management of a complex system such as a rain fed agroecosystem is not a hard, objective problem but, rather, is emergent and dependent on the situation, e.g., biophysical, of the individual stakeholders as well as their social contexts and related experiences (Cundill et al. 2011) . The Archetype 3 networks that were constructed offer new insights into the spatial resilience of the Fogera area and some new ideas in terms of how landscapelevel interventions such as rainwater management practices might be targeted given the biophysical and social situations of the stakeholders involved.
Responses to this article can be read online at: http://www.ecologyandsociety.org/issues/responses. php/7950 Appendix 1. Survey questions used in the field data collection campaigns. This survey was translated to Amharic and contextualized to cultural norms in the region (e.g., names of specific community organizations, specific types of social interactions, etc.). An IRB approved informed consent was read in Amharic prior to each engagement. 
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